Background: Patients with von Hippel-Lindau (VHL) disease are prone to develop pancreatic neuroendocrine tumors (pNETs). However, the best imaging technique for early detection of pNETs in VHL is currently unknown. In a headto-head comparison, we evaluated endoscopic ultrasound (EUS) and 11 C-5-hydroxytryptophan positron emission
Introduction
Pancreatic neuroendocrine tumors (pNETs) are uncommon neoplasms with an incidence of 1 -10 per 1 million in the general population (1, 2) . pNETs can occur sporadically or as part of the hereditary multiple tumor syndromes von Hippel-Lindau (VHL) disease and multiple endocrine neoplasia type 1 (MEN1). VHL disease is a dominantly inherited multiple tumor syndrome that results from a germline mutation in the VHL gene located on chromosome 3. The incidence rate is 1 per 36 000 live births. VHL disease can lead to the development of benign and malignant tumors in various organ systems, including hemangioblastomas in the central nervous system, renal cysts and clear cell renal cell carcinomas, pheochromocytomas, pancreatic cysts, and pNETs (reviewed by Lonser et al. (3) ). VHL patients have a shorter life expectancy compared with the general population, and 73% of deaths are related to VHL disease (4) . Metastatic clear cell renal cell carcinomas and central nervous system hemangioblastomas are the main cause of VHL-related mortality. Therefore, VHL patients undergo screening to detect early manifestations (3) . In patients in whom VHL was diagnosed after 1990, life expectancy was increased by 16 years compared with those diagnosed before 1985, which is likely a result of improved screening strategies and therapeutic options of the last decades (4) . Nonfunctional pNETs are present in 10 -17% of the VHL patients (5, 6, 7) , but this prevalence will likely increase due to increased survival rates in VHL.
pNETs in VHL disease can remain indolent for years, but they also have the ability to metastasize. Since the only curative treatment for pNETs is surgery, timely detection and treatment are critical. However, the optimal diagnostic and therapeutic approach is still a matter of discussion. Possible predictors for malignant potential are (i) germline mutation in the VHL gene located on exon 3; (ii) tumor size doubling rate is lesser than 500 days, and (iii) tumor size of > 2 cm (medium risk)/ > 3 cm (high risk) (6) . Another impediment in VHL patients is the presence of both pancreatic benign microcystic serous cystadenomas and pNETs. The differentiation between both entities on radiological imaging can be difficult (3, 6, 7, 8) . Currently, the best imaging technique for early detection of pNETs in VHL disease is unknown. For screening of the kidneys, adrenals, and pancreas, yearly abdominal computed tomography (CT) was recommended from 18 years of age (3) . The VHL handbook, revised in 2012, recommends yearly abdominal ultrasound and magnetic resonance imaging (MRI) at least every other year from 16 years of age onwards (7, (8) . The disadvantage of CT, however, is its radiation burden, which may be even more undesirable in genetically vulnerable VHL patients.
Endoscopic ultrasound (EUS) and 11 C-5-hydroxytryptophan ( 11 C-5-HTP) PET are of potential interest in the search for sensitive and specific pNET imaging in VHL. In a retrospective control study, Rösch et al. (9) showed that EUS identified 82% of histologically proven sporadic functional pNETs that were undetectable by trans-abdominal ultrasound and CT. No such studies are available in VHL patients. However, in the hereditary multiple tumor syndrome MEN1, EUS performs excellent in pNET detection with a high sensitivity (10, 11, 12, 13, 14, 15) . In addition, 11 C-5-HTP PET could potentially provide insights into the neuroendocrine nature of a pancreatic lesion.
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C-5-HTP is a precursor of serotonin, which neuroendocrine cells can take up, decarboxylate into 11 C-serotonin, and store in vesicles (16) . In 23 patients with advanced pNETs with a total of 294 lesions, 11 C-5-HTP PET was more sensitive in detecting lesions than SRS and 18 F-DOPA PET (17).
C-HTP PET and CT performed equally well at a lesionbased level (sensitivity of 67% and 68% respectively), and proved better compared with 18 F-DOPA PET (sensitivity 41%) and SRS (sensitivity 46%) (17) . The aim of this study was therefore to evaluate EUS and 11 C-5-HTP PET in a head-to-head comparison relative to standard screening for the detection of pNETs in VHL patients.
Subjects and methods

Patients
In this cross-sectional, prospective study, patients under standard surveillance in the VHL centers of the Erasmus MC Rotterdam, University Medical Centers Utrecht and Groningen were referred to the University Medical Center Groningen for participation in the study. The patients were included between February 2009 and August 2011. The eligible patients were those with a VHL mutation or with one VHL manifestation and a mutation carrier as first-degree family member of age ≥ 18 years. Those excluded were pregnant patients or patients with known alcohol abuse and/or chronic pancreatitis. The study was approved by the Medical Ethics Committee of Groningen on August 25, 2008 , and all patients gave written informed consent. The study was registered at the Dutch trial registry under http://www.trialregister.nl/ trialreg/index.asp (NTR1668).
Before study entry, a standard workup for screening had to be performed in the patient's own center, this included SRS within 6 months, and abdominal CT or MRI and serum/plasma tumor markers within 4 months. With radioimmunoassays, serum levels of chromogranin A (CgA-React, Cis Bio International, Gif-sur-Yvette, France, upper limit of normal 100 mg/L) and plasma levels of pancreatic polypeptide (Eurodiagnostica, Nijmegen, the Netherlands, upper limit of normal 100 pmol/L) were determined. Since the use of proton pump inhibitors can lead to spurious elevation of chromogranin A (18), patients on proton pump inhibitors were excluded from the analysis of these levels. Values greater than upper limit of normal were considered as overproduction.
CT/MRI
The patients underwent abdominal CT or MRI, as recommended by the treating physician. CT and MRI scans were performed as described previously (15) . The lesions were recorded as pancreatic solid lesions when they were observed as hyper-attenuating lesions on the arterial or portal venous phase-contrast images. On MRI, solid lesions were considered to have low intensity on T1 sequences and high intensity on T2 sequences compared with pancreatic tissues (19) . CT and MRI reports were reviewed by a radiologist (EJvdJ) blinded for the clinical information. In case of discrepancy between the radiologist of the referral and research centers, a second radiologist (AHHB) reviewed these particular scans, and consensus was reached after discussion between EJvdJ and AHHB.
SRS
Twenty-four hours after i.v. administration of ∼200 MBq In-pentetreotide (Octreoscan; Mallinckrodt, Petten, the Netherlands), planar whole-body and abdominal 3D single-photon-emission computed tomography (SPECT (all patients)/CT (n = 8)) images were obtained (20) . The SRS scans were reviewed by a nuclear medicine physician (AHB). In case of discrepancy between the nuclear medicine physician of the referral and research centers, a second nuclear medicine physician (KPK) reviewed the SRS, and after discussion between AHB and KPK, consensus was reached.
EUS and 11 C-5-HTP PET
If possible, EUS and 11 C-5-HTP PET were executed on the same day. EUS was performed as described previously (15) . The presence of vascularity was assessed with power Doppler and elasticity or rigidity by elastography imaging (21) . The patients underwent conscious sedation, and EUS was performed by one endoscopist (HMvD) blinded for other imaging results.
The number and location of pancreatic findings were recorded on a standardized record form. The pancreatic lesions with anechogenic appearance plus an enhanced ultrasound signal were interpreted as simple cysts.
The lesions with a honeycomb pattern were classified as microcystic serous cystadenomas (22) . Other focal lesions in the pancreas were considered as solid lesions. Fine-needle aspiration (FNA) with a 22 or 25 G needle with a stylet (Sono Tip II 22 or 25 Gauge Medi-Globe GmbH, Germany) was performed on solid lesions if cytological confirmation of pNET was desired by the referred physician. A cytotechnologist was present during the FNA procedure for on-site assessment of the obtained material. 11 C-5-HTP PET scans were performed as described previously (17), either using an ECAT HR + PET camera with a spatial resolution of ∼10 mm (n = 11) or using a Siemens Biograph mCT camera (PET/CT 64 slices) (Siemens) with a spatial resolution of ∼8 mm (n = 11) after reconstruction and post-processing. Maximum standardized uptake value (SUV max ) was assessed for each lesion. PET scans were independently and randomly interpreted by two nuclear medicine physicians (AHB, KPK) blinded for all clinical information and other imaging. The number and location of positive lesions were recorded on a standardized record form. In discrepant cases, consensus was reached between AHB and KPK. The results of the four imaging modalities were discussed in a multidisciplinary team, which consisted of a radiologist (EJvdJ), nuclear medicine physician (AHB), gastroenterologist (HMvD), endocrinologist (TPL), and the clinical trial doctor (SJvA). The pancreatic solid lesions found on both EUS and 11 C-5-HTP PET were matched with the CT/MRI + SRS.
Statistical analysis
A total of 20 patients were estimated to be required to demonstrate additional or new lesions in 25% of the patients with 11 C-5-HTP PET and/or EUS. McNemar's test was used for comparison with 80% power and 5% twosided significance levels.
Analysis was performed at the levels of individual patients and individual lesions. SRS and 11 C-5-HTP PET scan are whole-body imaging modalities, whereas CT/ MRI cover the abdominal area and EUS the pancreatic region only. Therefore, EUS was compared with other imaging modalities for detecting tumors in the pancreatic region only. The percentage of visualized solid lesions was calculated for all four imaging techniques by using a composite reference standard. This standard included the sum of the four imaging outcomes. McNemar's test was used to compare the yield of the four imaging techniques. A P value < 0.05 was considered to be statistically significant.
Results
Patient characteristics
Of the 31 eligible patients, 9 patients declined participation. Patient characteristics of the remaining 22 VHL patients included in this study are presented in Table 1 . All patients had a proven VHL germline mutation.
Conventional screening
CT/MRI findings were positive in 7 patients, which detected 9 pancreatic solid lesions. Focal pancreatic uptake on SRS was present in 3 patients, visualizing 3 lesions with increased uptake corresponding with 3 pancreatic solid lesions detected with CT/MRI. Of the 22 patients, 6 patients had elevated plasma pancreatic polypeptide with a median of 131 pmol/L (range 115 -234 pmol/L). Evaluation of serum chromogranin A in 19 patients showed that one patient had a marginally elevated level of 118 mg/L. In total, 7 patients had elevated Note that the patient in whom almost the total pancreas was replaced by cysts has not been evaluated for cystic lesion characteristics.
174:5
tumor markers with 6 patients exhibiting not more than a 2-fold elevation. Of these 7 patients, 3 patients (43%) had pancreatic solid lesions on conventional imaging.
EUS and 11 C-5-HTP PET
EUS detected 17 pancreatic solid lesions with a median size of 9.7 mm (range 2.9 -55 mm) in 10 patients. Most of the lesions were homogeneous and hypoechoic on EUS with an isoelastic consistency and hypervascular. In addition, in 18 patients 169 pancreatic cysts were found. The EUS characteristics of both cystic and solid lesions are presented in Table 2 . Only 4 patients had no simple pancreatic cysts or microcystic serous cystadenomas, 12 had 1 -10 simple cysts, 4 had more than 10 simple cysts, 3 had microcystic serous cystadenoma(s), and 1 patient had almost the complete pancreas replaced by at least 30 cysts. In patients with cysts, the median number of cysts was 4 (range 1 -30) per patient (Fig. 1 ). In patients with pancreatic solid lesions, the median number of cysts was 1 (range 0 -9).
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C-5-HTP PET detected pancreatic lesions in only 1 patient, which were scanned on the ECAT HR+ camera. In this patient, 3 pancreatic lesions were visualized with 11 C-5-HTP PET, with a SUV max ranging from 4.3 to 4.9. One lesion was confirmed by CT and 2 lesions by EUS (Fig. 2) .
Moreover, 11 C-5-HTP PET detected 15 extra pancreatic focal lesions in 7 patients (Supplementary table 1, see section on supplementary data given at the end of this article) (Fig. 3) .
During the EUS procedure, FNA was performed on 6 patients who had 7 solid lesions with a median of 2 passes (range 2 -6). The median size was 17 mm (range 7.2 -55), of which 3 lesions were < 10 mm. In the cell materials from 2 lesions of 2 patients, tumor cells were detected. Morphological analysis showed moderate to cell-rich material present in large sheets and rounded clusters of tumor cells with anisonucleosis, visible nucleoli, and 'frothy' cytoplasm. Immunocytochemical staining was available for one sample and was positive for CK8/18, CK19, CD56 chromogranin, and synaptophysin. Ki67 was positive in a few cells. One of these patients underwent surgery and the other patient remained for follow-up in the VHL surveillance.
In total, 3 patients underwent pancreatic surgery because of large solid lesions suspicious of pNET: the first patient had 1 solid lesion of 5 cm visible on MRI, SRS, and EUS; the second patient had 1 lesion of 2 cm visible on MRI, SRS, and EUS + confirmation by cytology; and the third patient had 2 lesions of 4 and 3 cm, both visible on CT and 1 lesion visible on EUS. All 3 patients underwent pylorus preserving pancreaticoduodenectomy. All lesions were hypervascular and inhomogeneous based on EUS. In the first 2 patients, histology confirmed the diagnosis of NET. However in the third patient, histology showed that both lesions were microcystic serous cystadenomas.
EUS and
11
C-5-HTP PET compared with conventional screening
At a patient-based level, pancreatic solid lesions were found in 10 patients: EUS was positive in 100%, 11 C-5-HTP PET in 10%, SRS in 30%, and CT/MRI in 70%. At a lesion-based level, 20 pancreatic solid lesions were found with a median size of 9.7 mm (range 2.9 -55 mm). EUS detected 17 pancreatic solid lesions, 11 C-5-HTP PET 3, CT/MRI 9, SRS 3, and CT/MRI + SRS detected 9. EUS detected the most solid lesions compared with CT/MRI, SRS, and CT/MRI + SRS (P < 0.05) ( Table 3 ). In total, 12 solid lesions were found in the pancreatic head and 8 in the body-tail region, of which EUS detected 11 in the pancreatic head (92%) and 6 in the body-tail region (75%). EUS did not detect 3 solid lesions: 2 of these solid lesions were only visualized with CT of which 1 turned out to be a ∼3 cm serous cystadenoma at surgery. Another lesion was only visualized with (Table 3) . Seven patients had pancreatic solid lesions visualized on the conventional imaging techniques CT/MRI + SRS, in which EUS found 6 additional lesions.
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C-5-HTP PET detected 2 additional lesions in these patients, but missed 8, which were identified with conventional imaging. However, following resection, 2 of these 8 solid lesions that were 11 C-5-HTP PET negative turned out to be serous cystadenomas.
Of the 15 patients without pancreatic solid lesions on CT/MRI + SRS, none had focal 11 C-5-HTP uptake in the pancreas. In 3 of these patients, 4 solid lesions were found with EUS: all were < 1 cm. Detailed information of each solid lesion suspicious of pNET is shown in Supplementary table 2 (see section on supplementary data given at the end of this article).
Seven patients had elevated tumor markers, of whom 3 patients had only pancreatic cysts, 1 patient had multiple cysts, and 1 pancreatic solid lesion < 1 cm detected with EUS, 1 patient had 4 pancreatic solid lesions detected with 11 C-5-HTP PET, EUS and/or CT, and 2 patients had pancreatic cysts and NETs detected by histology. 
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Discussion
In this head-to-head comparison of EUS,
11
C-5-HTP PET, and standard screening techniques CT/MRI and SRS for pNET, EUS was found to be superior for detecting solid pancreatic lesions in VHL patients.
C-5-HTP PET had no value in this screening setting. We have shown for the first time in this rare inherited disease that EUS is a useful method for detecting pancreatic solid lesion. EUS can be executed without radiation exposure, and it allows obtaining cytology by FNA for NET confirmation. Some possible disadvantages of EUS are its invasive character that needs conscious sedation and its operator dependence. However, EUS combined with conscious sedation is proven to be well tolerated (22) . Therefore, in our opinion, care for VHL patients should be organized in VHL expertise centers, including an endoscopist experienced in pNETs and VHL disease.
Furthermore, with EUS we could identify various lesion characteristics. Most often pancreatic solid lesions were hypoechoic, homogeneous, had an isoelastic consistency and were hypervascular based on power Doppler. Based on EUS combined with power Doppler, these characteristics might help to identify the characteristics of pNETs. Besides solid lesions, we also detected serous cystadenomas with EUS. Serous cystadenomas of the pancreas include microcystic serous cystadenoma, serous oligocystic, and ill-demarcated adenomas as well as macrocystic serous cystadenoma (23) . In our series, most cysts were macrocystic serous cystadenomas either "simple cysts", recognized by an anechoic appearance. On EUS, 3% of the cysts had a classic honeycomb structure, which is the characteristic for microcystic serous cystadenomas.
In VHL, the differentiation between pNETs and serous cystadenomas can be difficult, because serous Table 3 All patients with pancreatic solid lesions on imaging (n = 10).
Imaging modality n (%) of patients P value n (%) of lesions P value n (%) of lesions > cystadenomas appear also as solid lesions. In our study, 2 lesions with a solid appearance on EUS and CT/MRI suspicious of pNET were shown to be serous cystadenomas by means of histology. Over diagnosis of pNET in VHL has also been reported by others (6, 7, 8) . In our study, one lesion turned out to be a serous cystadenoma, which appeared clearly hypervascular based on EUS combined with power Doppler. This indicates that a hypervascular nature of pancreatic solid lesions in VHL disease does not exclude the existence of a serous cystadenomas. Others also reported cases of pancreatic serous cystadenomas having hypervascular appearances on anatomical imaging (24, 25, 26) . In this situation, molecular imaging may be able to differentiate between pNET and serous cystadenoma. However, if molecular imaging is negative, it might be due to the fact that the solid component of the cystic pNET is too small for detection.
To avoid unnecessary surgery, making a distinction between pNET and serous cystadenoma is warranted in VHL disease. An advantage of EUS is it potentially allows cytology to be obtained by FNA. However, we obtained adequate material in only 2 out of 7 lesions. This may partly be due to the fact that 3 of the 7 lesions were < 10 mm. In a retrospective study in 15 patients using EUS FNA for confirming the diagnosis of pNET, the yield was 53% (27) . Similar to our series, samples were often hemorrhagic with a low cell yield (27) . Other retrospective series reported higher accuracy rates of 90 -93%, but it is unclear how patients were selected in these studies (28, 29) . For FNA we used both 22 and 25 Gauge needles. In a recent meta-analysis data of EUS-guided FNA, pancreatic masses were evaluated using 19, 22, and 25 Gauge needles. With respect to accuracy, number of passes, or complication, 22 and 25 Gauge performs equal. Data regarding 19 Gauge needles are limited and did not show the evidence of improved outcomes relative to 22 and 25 Gauge needles (30) . However, this meta-analysis is not specific for pNET.
Instead of obtaining cytological material, it is also possible to obtain tissue samples by EUS-guided fineneedle tissue acquisition. In a recent prospective study, 30 patients with pancreatic lesions suspected of sporadic pNET underwent fine-needle tissue acquisition with a 19 Gauge needle, without complications (31) . In 93% of patients with lesion size ranging from 7 to 100 mm, the NET diagnosis could be confirmed (31) . In VHL disease, obtaining tissue samples instead of cell material might also improve the yield.
In general, pNETs have the ability to produce hormones or amines, which provide various options for specific imaging by using this metabolic pathway. In 18 patients with advanced NETs, 11 C-5-HTP PET was superior for lesion detection compared with CT (32) . In addition, we showed that 11 C-5-HTP PET is a more sensitive technique compared with 18 F-DOPA PET and SRS in patients with advanced pNET (17) . Adding CT resulted in a slight improvement of sensitivity (17) . However, in the current VHL study, 11 C-5-HTP PET showed no added value for early detection of primary pNETs in VHL patients. A possible limitation is the use of two different scanner systems in our study: ECAT HR+ camera and PET/CT with a resolution of ∼10 mm and ∼8 mm, respectively. However, only in one patient 11 C-HTP PET was positive and showed (three) pancreatic lesions. This patient was scanned on the, older, ECAT HR+ camera. Therefore, we do not think that this has greatly influenced the results and major conclusions of our study.
Besides pancreatic lesions,
C-5-HTP-PET found 15 other VHL manifestations, including hemangioblastomas, renal cell carcinomas, and paraganglioma. Like pNETs, paragangliomas are able to take up and decarboxylate amine precursors (33) . This property has not been identified in renal cell carcinomas and hemangioblastomas. Nevertheless, in both tumor types immunohistochemical studies showed positive staining of specific neuroendocrine markers, including neuron-specific enolase and synaptophysin (34, 35) , indicating the presence of neuroendocrine properties of these cells. This might clarify visualization with 11 C-5-HTP PET. In our study, the value of SRS was limited, because only 15% of pancreatic solid lesions could be visualized. Another study showed a SRS patient-based positivity of 59% in 27 VHL patients with pNETs with a median size of 30 mm (range 10 -80 mm) (36) . In our study, an explanation for the lower yield of SRS is possibly due to median size of the solid pancreatic lesions, which was ∼3-fold smaller compared with the study of Corcos et al. Altogether, this suggests that SRS is not useful for screening pNET in VHL disease. Nowadays, the somatostatin receptors can be imaged with PET tracers, resulting in an increase in resolution and lesion detectability (37, 38, 39) . Also, these PET tracers have a higher affinity for binding to the somatostatin receptors, potentially also resulting in a better sensitivity (37) . There are several studies suggesting the use of PET in pNET screening (40, 41) . However, in this specific VHL patient population and setting, it is undefined what the merits of PET with somatostatin analogues are.
In our series, 2 out of 4 patients with a cytologically/ histologically confirmed NET had elevated serum chromogranin A or plasma pancreatic polypeptide levels. In total, 7 patients had elevated tumor markers, which were marginally increased in 6 patients (not more than 2 times the upper limit of normal). The biological and analytical variations of these markers are not known, making it difficult to interpret these findings. Moreover, false-positive values can occur in a variety of clinical conditions. Elevated chromogranin A levels can occur because of using proton pump inhibitors; renal or hepatic insufficiency; and elevated pancreatic polypeptide levels due to high age, diarrhea, or gut inflammation (18, 42) . In a large series of 108 VHL patients with pNETs in whom the serum tumor markers insulin, glucagon, pancreatic polypeptide, and vasoactive intestinal peptide were evaluated, none were indicative of pNET in VHL [6] . This indicates that the measurement of these tumor markers is likely of no value.
In general, small pNET lesions in VHL are of no threat (43) . Still, VHL patients die due to advanced pNET (43) , indicating that timing of surgery in VHL is not optimal. EUS can be combined with FNA to obtain cytology for NET confirmation and is safe. An earlier study in patients with pNETs, complications due to EUS+ FNA occurred in 1% (44) . Moreover, in a pooled analysis of data from 19 EUS centers in the United States, the incidence of pancreatitis after EUS+ FNA of solid pancreatic lesions masses was 0.3% (45) . In conclusion, EUS performs well in early detection of pNETs, but its role in VHL surveillance is unclear.
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